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The inherent plasticity and multi-lineage potential of stem cells make them promising cell sources for tissue
engineering and regénerative medicine. However, controlling over behaviors and functions of stem-cells, such as
proliferation and differentiation, is extremely required to fully realize the therapeutic potential of stem cells.

Either in vivo or in vitro stem cell functions are regulated by intricate reciprocal interactions between cells and their
microenvironment. Stem cell behaviors are highly sensitive to the biochemical and physical factors from surrounding
microenvironment such as the extracellular matrix (ECM), neighboring cells, and surface properties. Due to the
limitation of current technology to track in vivo cells, it is still very difficult to directly investigate cell behaviors in
vivo. Accordingly, in vitro cell culture is the indispensable approach for stem cell research. Nonetheless, the conventional
cell culture surface is difficult to precisely control cell microenvironment, such as the location, size, and shape of
individual cells, contact between cells, and to directly compare the effects of various microenvironmental factors, such
as biochemical compositions, topographical features, wettability, electric charges, and stiffness of local surface. In
contrast, micropatterning techniques enable the precise control of most of the important factors from cell
microenvironment by modifying the physicochemical properties of cell-culture substrates at predefined locations and
sub-cellular scales. Therefore, the effect of individual environmental factor on cell function and fate can be accurately
assessed.

In this study, we integrated a simple and robust micropatterning method with the stem cell research on the purpose
of manipulation of stem cell functions. Various micropatterns with particular features were designed by using different
photomasks to investigate the pivotal components of cell microenvironment in a highly controllable manner. Photo-
reactive poly(vinyl alcohol) (PVA) were synthesized by coupling PVA with UV-sensitive azidopheny! group and locally
grafted to the commonly used cell-culture polystyrene (PSt) surface by UV irradiation through photomasks. PVA was
chosen as non-fouling polymer due to its superior ability to resist protein adsorption and cell adhesion. Long-term cell

culture at either multiple- or single-cell level was realized on the PVA-micropatterned polymer surfaces because the
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micro-patterned PVA hydrogel was very stable and highly hydrated in the aqueous culture medium. Cell density,
spreading, and shape of human bone marrow-derived mesenchymal stem cells (MSCs) were regulated by the ratio of
PSt area to PVA area, size, and geometry of the micropatterns, respectively. The effect of cell density, spreading area,
and cell shape on the functions of MSCs such as proliferation and differentiation were directly compared on the PVA-
micropatterned PSt surface. Moreover, PVA-poly(acrylic acid) (PAAc)-micropatterned PSt surface was prepared to
study the electrostatic effect on the functions of individual MSCs with highly controlled and uniform cell shape.
(1) Manipulation of cell density and its effect on osteogenic and chondrogenic differentiation of

MSCs

Photo-reactive PVA was synthesized by coupling the hydroxyl groups of PVA with 4-azidobenzoic acid. The
introduction of photo-reactive azidophenyl groups in PVA was confirmed by the appearance of peaks assigned to the
azidophenyl proton around 7 and 8 ppm in the 'H-NMR spectrum. The percentage of the hydroxy! groups in PVA
coupled with the azidophenyl groups was 2.1%. To control different cell densities on a single surface, a micropatterned
surface with different area ratios of cell non-adhesive PVA to cell-adhesive PSt regions was prepared using photo-
reactive PVA by UV photolithography. MSCs were cultured on the micropatterned surface. Cells moved from non-
adhesive PVA regions to cell-adhesive PSt regions and a gradient pattern of cell density (2.6-112.5 X 10° cells/cm?)
was generated. The effect of cell density on proliferation and osteogenic and condrogenic differentiation of MSCs was
investigated by using the gradient cell density pattern. MSCs at a low density showed higher proliferation than the
cells at a high density. Osteogenic differentiation of MSCs was analyzed by alkaline phosphatase (ALP) staining and
expression of osteogenesis-specific genes (ALP and BSP). Although MSCs at both low and high densities showed
osteogenic differentiation, high cell density initiated faster osteogenic differentiation than low cell density.
Immunocytochemical staining of type II collagen was carried out to examine the effect of cell density on chondrogenic
differentiaton of MSCs. The results showed that high cell density was required to induce chondrogenic differentiation
of MSCs. Therefore, this micropatterning method enabled convenient manipulation of cell distribution in a density
gradient manner for the direct and systematic investigation of stem cell functions related to cell density.
(2) Manipulation of cell spreading and its effect on osteogenic and adipogenic differentiation of

MSCs

To control different degree of cell spreading with the same cell shape, a series of circular cell-adhesive PSt
micropatterns with different diameters were created. The PSt micropatterns were surrounded by non-adhesive PVA
regions. The diameters of the PSt circles in the micropatterns were 40, 60, and 80 um. MSCs were cultured on the
micropatterns. MSCs only adhered on the PSt circles and most of the PSt circles were occupied by a single cell.
Therefore, the heterogeneity of cell population in routine cell culture was reduced, and cell spreading and differentiation
of individual MSCs were investigated on the micropatterned surface. F-actin of MSCs was stained with Alexa Fluor®
488 phélloidin and cell nucleus was counterstained with 4’, 6-diamidino-2-phenylindole (DAPI). As shown in Figure 3,
F-actin staining revealed that the spreading of MSCs followed the underlying PSt circles and was confined by the
surrounding non-adhesive PVA regions, whereas MSCs spread freely on bare PSt surface (non-pattern). The assembly
and organization of actin filaments were regulated by the degree of cell spreading. Individual MSCs with the largest
degree of . spreading (80 um) mainly assembled actin in the radial and concentric directions of the circle. However, such
organization of -the.actin structure weakened as the degree of cell spreading decreased. On the smallest circle (40 pm),
MSCs predominately assembled actin along their edges, between the cell-adhesive PSt and non-adhesive PVA. The
MSCs:cultured; on non-pattern surface did not exhibit any regular organization. Furthermore, osteogenic and

adipogenic differentiation of MSCs on the micropatterns were compared by ALP and Oil Red O staining, respectively.
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The probabilities of adipogenesis and osteogenesis at different cell spreading areas were studied by calculating the
percentage of MSCs that committed to an adipocyte or osteoblast lineage. MSCs positively stained by Oil Red O or
ALP were considered to be adipocytes or osteoblasts, and only single cells on each circle (as confirmed by cell nuclear
staining) were counted. The results indicate that the differentiation of MSCs was dependent on the degree of cell
spreading. Increased cell spreading facilitated the osteogenic differentiation but suppressed the adipogenic
differentiation of MSCs.
(3) Manipulation of cell shape and its effect on adipogenic differentiation of MSCs

To control different cell shapes with the same degree of cell spreading, cell-adhesive PSt micropatterns of equilateral
triangular, square, pentagonal, hexagonal, and circular geometries surrounded by cell non-adhesive PVA regions were
prepared by micropatterning photo-reactive PVA with photomask. These different geometries had the same surface
area for cell spreading (1,134 pm?¥). Human MSCs were cultured on the micropatterned surface and different cell shapes
were manipulated by the geometries of PSt micropatterns. The distribution patterns of MSCs actin filaments were
similar among these cell shapes, that is, actin filaments were predominately assembled along the peripheral edges of
cell profile. In contrast, the MSCs freely spread on the non-pattern surface and irregularly aligned actin filaments and
stress fibers. Moreover, the organization and assembly of F-actin weakened and remolded during MSC adipogenesis,
particularly the actin filaments at the edges between the adhesive PSt and the non-adhesive PVA. The effect of different
cell shapes on the probability of MSCs adipogenesis was studied by calculating the percentage of MSCs that committed
to an adipocyte lineage and by analyzing the area of positively stained lipid vacuoles. Cells containing lipid vacuoles
that were positively stained by Oil Red O were considered as adipocytes, and only single cells from each shape were
counted. According to the lipid vacuoles staining result, adipogenic differentiation potential of MSCs was similar on the
triangular, square, pentagonal, hexagonal, and circular micropatterns. The triangular, square, pentagonal, hexagonal
and circular shapes did not have a significantly different effect on the adipogenic differentiation of MSCs.
{4) Preparation of micropattern of negatively charged polymer and its effect on MSCs functions

Circular micropatterns of negatively charged poly(acrylic acid) (PAAc) and neutral PSt were created with different
diameters using UV photolithography. These micropatterns were surrounded by non-adhesive PVA regions. The
diameters of the circular PAAc and PSt micropatterns were 40, 60, and 80 pm. The PVA-PA Ac-micropatterned surface
was stained with Brilliant Green solution to show the PAAc micropatterns. The basic dye interacted electrostatically
with the negatively charged PAAc, and the circular PAAc micropatterns were visualized by a dark green color under
optical microscopy. During the staining process, the dye permeated through the overlying PVA layer to the PAAc layer
below, causing the surrounding light green color. These micropatterned surfaces were used to control the shape and
spreading of stem cells and to investigate the electrostatic effect derived from different chemical groups on the
functions of individual and multiple human MSCs. The assembly and distribution of actin filaments of individual
MSCs correlated with the degree of cell spreading as well as the surface charge of the underlying substrate. On 40 ym
micropatterns, the distribution of actin filaments was homogeneous on the negatively charged PAAc circles, whereas
the circular MSCs primarily organized actin filaments along the periphery of cell on the neutral PSt circles. The
organization of the actin structure became more ordered as the degree of cell spreading increased (60 um
micropatterns). As the cell spreading further enlarged (80 pm micropatterns), the radial and concentric arrangement of
actin filaments appeared on both PAAc and PSt circles. Cell division and proliferation were evaluated by comparing the
percentages of PAAc and PSt micropatterns that were occupied by single cells. The proliferation of MSCs on the PAAc
and PSt micropatterns was not obvious and was independent of the circular size after 24 hours. However, MSCs

divided and proliferated during the adipogenic culture period. Moreover, the degree of MSC adipogenesis was
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evaluated by comparing the percentage of PAAc and PSt micropatterns that contained Oil Red O stained cells. At the
single-cell level, the adipogenesis of MSCs was enhanced on the negatively charged PAAc micropatterns when the
circular diameter was small (40 and 60 pm micropatterns). By contrast, the adipogenesis of MSCs was similar between
the negatively charged PAAc and the neutral PSt micropatterns when the circular diameter was large (80 ym
micropatterns). Moreover, the percentage of differentiated MSCs decreased as the circular diameter increased; this trend
was independent of surface charge. At the multiple-cell level, the negatively charged PAAc micropatterns promoted the
adipogenesis of MSCs when compared to the neutral PSt micropatterns. However, the effect of the circular diameter
was not evident in the adipogenesis of groups of multiple MSCs.

In conclusion, diverse micropatterns were prepared on commonly used cell-culture PSt surface using photo-reactive
polymer and UV photolithography. The respective effect of cell density, spreading, shape, and surface charge on the
functions of bone marrow-derived MSCs was investigated. This simple micropatterning method using photo-reactive
polymers is advantageous for fabricating arbitrary micropatterns on prevalent cell-culture substrates, and cell functions
can be directly and systematically investigated on a single surface without external interferences resulting from
separate cell culture and pre-coated cell-adhesive molecules. Moreover, it enables the analysis of entire cell populations
at both single- and multiple-cell levels, significantly facilitating the identification of the optimal parameters to
manipulate the functions of stem cells. The insights derived from this study will be useful to design suitable

biomaterials for stem cell research and scaffolds for tissue regeneration.

EEO0OH R OEE

AL T, v 470188 - EREEFIATE L1085 T, BHBkOMERBAR OO
KR LDTH D, KEIGHORIEZ ATV I—VEERL, 74 NIV T I7 4 —FICE 0, Mk
AR AF L HEROFREIS, MRS & IFEEHROERLA R 25,88 — 2, filagEHROK
ES - BRMBRLETA 7005 - OBEZER L. ChOOERTACTHRARAEREL. MRTE
THBERICELS L EMRT LA, BLIUMROMBERR L BRSE22EMB7 LA 4RE L. Mo
FEAREMRERS L ORRPBMAROKE, & LBEHMARA~OMUIE 2 2HEBIIOVTHRANRL, Z0
faok, MIREESBEIMT 5L > THRESLIZEES A, B RIICHEE SN DL Z Lol
I7z, ARROMEEROEMZE b 2VEFMA~O ML EE S h7zh. — . BRI~ D 5L #H
SNBHIENbrolz, S50, AEMORMIIARY AFL v REHTHHABROREH L R#ET 5 C
ErRVH L7z, MilRoRRICL 2HBMROBHMBANOSEANOBBIIBRE SN o720 2O LI IT,
v A rasy— L LoREE S OBEMEIL, BMROE—#laE LUSHBL XL ToREL R —OXK
HTHETADIZELOTERTHA I EMRENL, BONTEEIZ. FHEERD O OB O L
KB L UREMHORITIRILOHMAZ 5 A A RSEHOFERMIERICET L2 e lifFshd, LoT,
A3t (L% oFUHRLE L ifEd 5 b0 LD 5,

FR24F2 A 10 B, BHEPENFHRHFVHLEEZERIBVWTEEZROZEREOL L, £
KRV THBz RO, BMEFEHIIOEERILE L To/. TOHE, BEFZBLBIIL- T, AL
HE s hiz,

LROBLHEEL L PIIERAROMPEIEOE, FF L (T8 0%ME2ZT2IC+5LEREH
THLDOERDE,

404



	0401
	0402
	0403
	0404

